The binding of anions to proteins occurs in numerous physiological and metabolic processes. In an effort to understand the factors important in these interactions, we have studied the weak binding of phosphate and sulfate to a protein-protein complex using isothermal titration calorimetry. To our knowledge, this is the first system in which the thermodynamics of anion binding have been determined calorimetrically. By studying both phosphate and sulfate binding and using a range of pH values, the charge on the anion was varied from ∼ −1 to −2. Surprisingly, no dependence of the binding energetics on the charge of the anion was observed. This result indicates that charge-charge interactions are not the dominant factor in binding and suggests the importance of hydrogen bonding in specifically recognizing and coordinating anions.
The binding of anions to proteins is critical in numerous physiological and metabolic processes at all levels of life. Structural studies show some of the characteristics of phosphate and sulfate binding sites in proteins (Chakrabarti 1993; Copley and Barton 1994) , but the energetics of these binding events remain poorly understood. Knowledge of the energetics of such interactions is required in order to understand the determinants of binding affinity and specificity such as charge-charge interactions and hydrogen bonding. Unfortunately, such binding events are typically very weak and therefore are below the detection limit of most binding measurement techniques. These problems contribute to the lack of information in the literature.
We have characterized the thermodynamics of the interaction between anions and a protein-protein complex. The 56 amino-acid, serine-protease inhibitor, turkey ovomucoid third domain (OMTKY3), binds with high affinity (4.1 × 10 10 ; Lu 1994) to the serine protease, porcine pancreatic elastase (PPE). Upon formation of the complex, an anion-binding site is formed in the cleft between the two proteins with residues that coordinate the anion being contributed by both proteins. Previously, we have shown that phosphate binds to this complex at pH 6 with an unfavorable enthalpy and a favorable entropy (Edgcomb et al. 2000) . Here, we investigate the effect of the charge of the anion on the binding thermodynamics by looking at the effects of pH, counter-ion, and salt on phosphate binding and by studying the binding of sulfate. We find that varying the net charge on the anion from ∼ −1 to −2 has no effect on the binding energetics. Figure 1 shows the linkage scheme in which an anion binds to the complex but not to the free proteins. We have determined that the anions do not bind to either the protease or the inhibitor alone using differential scanning calorimetry (DSC) to show that the stabilities of both proteins are independent of anion concentration (data not shown).
Results
The binding of anions to the PPE/OMTKY3 complex was determined for sodium and potassium phosphate at pH 7, sodium phosphate at pH 6, and sodium sulfate at pH 6. Table 1 lists the enthalpies determined for each titration. The data are depicted graphically in Figure 2 showing bind-ing curves for the anions binding to the complex. The curves are offset as a result of the proton linkage of the system, as the enthalpy of binding OMTKY3 to PPE is dependent upon pH and buffer (Baker and Murphy 1997) . In the case of the phosphate experiments, the phosphate itself is buffering, while in the case of sulfate, PIPES is used because sulfate has no buffering capacity at pH 6.
By fitting the data in Table 1 to Equation 1 (see Materials and Methods), we obtain the values for the binding constants and enthalpies given in Table 2 . Within error, there is no difference in binding affinity or enthalpy for any of the four cases.
When 1 M sodium chloride is added to the 100 mM sodium phosphate titration at pH 7, there is no effect on the observed enthalpy (shown as an "X" in Fig. 2 ). The intrinsic binding of PPE-OMTKY3 is also NaCl independent (Baker and Murphy 1997) . This indicates that phosphate binding is also salt independent.
Discussion
The results presented here indicate that the charge-charge interaction between the anion and the protein is not driving binding. The identity of the protein groups coordinating the anions was discussed previously (Edgcomb et al. 2000) and are from a modeled structure of OMTKY3/PPE based on homology with a structure of OMTKY3/SGPB (Huang et al. 1995; Fig. 3) . The OMTKY3/SGPB structure contains an anion coordinated by residues from both proteins, tyrosine 32 and arginine 41 from SGPB, and tyrosine 20 and lysine 55 from OMTKY3. By homology, tyrosine 35 from PPE is involved in addition to the tyrosine and lysine of OMTKY3.
The following lines of evidence suggest the chargecharge interaction between the lysine of OMTKY3 and the anion is relatively unimportant. We have altered the net charge on phosphate from ∼ −1.1 to −1.7 by varying the pH. The net charge was changed to −2 by changing the identity The buffering conditions for each set of titrations are given. In the case of sodium sulfate, the solution also contained 50 mM PIPES. † Extrapolated from the data of Baker and Murphy (1997) .
of the anion from phosphate to sulfate. The difference in charge affects the charge density, as phosphate and sulfate have radii that are very close to one another. Further, we have changed the identity of the counter ion from sodium to potassium. It was noticed that the relevant pK a of phosphate is slightly altered depending on the identity of the counter ion. None of these changes had any effect on the energetics of binding. If charge was a dominant aspect of the binding, we would expect these changes to significantly alter the binding affinity. This lack of dependence on charge-charge interactions is further confirmed by the addition of 1 M NaCl to the titrations. While we would expect NaCl to screen attraction between oppositely charged groups, no difference is observed. The lack of charge dependence for this interaction indicates that other factors are responsible for the binding. Concomitant with the binding of a charged group is the release of water (desolvation). The positive ⌬H we observe is consistent with a considerable enthalpic cost for desolvating a charged ion. Although enthalpically unfavorable, desolvation produces a large entropy gain for solvent release. We find that binding of phosphate and sulfate to the proteinprotein complex is indeed entropically driven.
Extensive work by Luecke and Quiocho (1990) has demonstrated the importance of hydrogen bonding in phosphate binding to phosphate binding protein (PBP). The crystal structure of PBP shows extensive hydrogen bonding networks coordinating the anion (Luecke and Quiocho 1990) . The same group has also shown that the negatively charged phosphate binds tightly in a pocket of negative electrostatic potential indicating that, over shorter distances, other factors begin to dominate affinities (Ledvina et al. 1998 ). Surveys that examine the coordination of phosphate and sulfate ions in proteins for which crystal structures are available (Chakrabarti 1993; Copley and Barton 1994) indicate that anion binding sites display partial charge compensation. This suggests that dipolar interactions are important for coordination of anions.
The energetics we have measured for anions binding to a protein-protein complex lead to the conclusion that chargecharge interactions are not major determinants modulating binding. Consequently, optimal hydrogen bonding and local dipolar interactions likely are important factors controlling affinity and specificity.
Materials and methods

Materials
High-purity PPE was purchased from Elastin Products Company and used without further purification. It was found that the small impurities present would be cleaved by PPE and diffuse away in the course of the dialysis, without noticeable loss or degradation of PPE itself, as determined by SDS-PAGE. OMTKY3 was purified from turkey egg white trypsin inhibitor (Sigma) as described elsewhere (Swint and Robertson 1993) . The final steps of the purification are extensive dialysis against water, followed by lyophilization. All other salts, acids, and bases were of the highest purity available from either Amresco, Sigma, or Fischer.
Isothermal titration calorimetry
Titrations were performed on a Calorimetry Sciences Corporation (CSC) isothermal titration calorimeter (ITC), Model 4200. Samples were prepared by overnight dialysis (MWCO 3500) at 4°C of both inhibitor (800 L of OMTKY3) and enzyme (3 mL of PPE) against 4 L of the same buffer in which they were dissolved. The details of the buffering system used for each experiment are given in Table 1 . The concentration of PPE in the cell was ∼100 M and the concentration of OMTKY3 in the syringe was ∼1 mM. Both proteins were in the same concentration of anion (phosphate or sulfate), or anion and NaCl. 7 ± 3 18 ± 2 23 ± 2 −5 ± 1 Sodium Phosphate, pH 7 9 ± 5 17 ± 4 22 ± 4 −5 ± 1 Sodium Phosphate, pH 6 10 ± 5 17 ± 3 23 ± 3 −6 ± 1 Sodium Sulfate, pH 6 17 ± 7 18 ± 2 25 ± 2 −7 ± 1
Numbers are fits to data in Table 1 Error bars represent the standard deviation of the observed presaturation injection heats for a given titration. Titrations under various conditions are as follows: potassium phosphate pH 7 (red circles), sodium phosphate pH 7 (blue squares), sodium phosphate pH 6 (dark green diamonds), sodium sulfate pH 6 (light green triangles), and sodium phosphate titration at pH 7 with 1 M NaCl (box with "X").
Because the binding of OMTKY3 to PPE is stoichiometric, the binding enthalpy is equal to the heat for a presaturation injection (i.e., the area under one peak) divided by the moles of titrant injected. The average of the binding enthalpies from each presaturation injection, excluding the first, was taken as the observed ⌬H of binding. Extinction coefficients of 4400 M (Shotton 1970) were used for OMTKY3 and PPE, respectively, for concentration determinations. The stoichiometry, as determined using Bindworks version 3.0 (distributed by CSC), was close to one for all experiments.
Determining ⌬H anion and K anion For a system in which the anion binds to the complex, but not to the free proteins, the observed binding enthalpy will include the enthalpy of the protein-protein interaction (⌬H 0 ), plus the molar enthalpy of anion binding multiplied by the fraction of complex to which anion is bound (Edgcomb et al. 2000) . Accordingly, the observed heats as a function of anion concentration were fit using NONLIN (Michael Johnson, University of Virginia) to the following equation:
where ⌬H 0 is the enthalpy of binding in the absence of anion, and ⌬H anion and K anion are the binding enthalpy and association constant for anion binding to the complex (Edgcomb et al. 2000) . 
